To examine the feasibility of using lower body positive pressure supported (LBPPS) treadmill training to improve the walking abilities, balance and lower extremity strength of children with cerebral palsy (CP). Methods: Nine children with CP (GMFCS II-IV) participated in LBPPS treadmill training 2 days per week for 6 weeks. Pre and post training measures of preferred walking speed, spatiotemporal kinematics, lower extremity strength, and the BESTest were used to assess potential improvements from LBPPS treadmill training. 
INTRODUCTION
More than 3 of every 1000 children born in the United States have cerebral palsy (CP), and the prevalence of the disorder is on the rise worldwide. 1 Cerebral palsy typically results from a defect or insult to white matter of the periventricular area during birth or shortly after, 2 which reduces the fidelity of information that is transmitted along the thalamocortical and corticospinal tracts that are involved in the control of movement. 3 Although the brain insult does not progressively worsen, often musculoskeletal impairments accumulate as the child develops. Compared with children who are typically developing, these impairments result in a slower gait pattern with a shorter stride length and more time spent in double support. [4] [5] [6] Presumably these gait deviations are a result of poor balance, reduced strength of the antigravity musculature, and inadequate motor control of the lower extremity movement patterns. A considerable amount of neurophysiologic evidence from animal models and humans with neurological damage has shown that walking on a treadmill with body weight partially supported has the potential to promote neuroplasticity in the damaged nervous system. 7, 8 This reorganization is partly driven by afferent somatosensory cues that are triggered via the action of the treadmill belt. For example, as the trailing limb approaches the terminal portion of stance phase, the muscle spindles sense elongation of the hip flexor muscles, and Golgi tendon organs in the plantarflexor muscles sense unloading as weight is transferred forward onto the opposite limb. These sensory cues are powerful signals that bring about stance-to-swing phase transitions and contribute to rhythmic, alternating lower extremity movements during gait. [9] [10] [11] [12] Insights from these studies have inspired the use of body weight-supported treadmill training (BWSTT) for improving the walking performance of children with CP. Several investigations have shown that the sensorimotor experience from BW-STT can improve walking speed, stride length, postural balance, and walking endurance of these children. [13] [14] [15] [16] [17] Furthermore, a functional magnetic resonance imaging investigation has shown that BWSTT can alter the activation of the primary sensorimotor cortices of children with CP while performing an ankle dorsiflexion task. 18 Overall the current scientific evidence suggests that BWSTT may be an efficacious therapy for improving the walking performance of children with CP.
Traditionally, BWSTT is performed by supporting an individual's body weight with a chest corset that has straps positioned under the groin area or around the proximal thighs. The lifting forces provided by the straps can be uncomfortable, 19, 20 which may reduce the duration of the training sessions and hinder a patient's compliance with the training protocol. Despite their usefulness for gait rehabilitation, limited efforts have been made to improve how these devices support an individual's body weight. Recently, a lower body positive pressure support (LBPPS) system has emerged as an alternative means for supporting an individual's body weight during treadmill training ( Figure 1) . [20] [21] [22] [23] This system consists of a treadmill that is enclosed in an inflatable bag. The subject wears a pair of neoprene shorts that are zipped into the bag. The amount of body weight supported is dependent upon the air pressure in the bag, which provides a lifting force on the body. The air pressure is uniformly distributed over the lower body, which reduces the uncomfortable pressure points that typically occur in more traditional body weight support systems. 20 Recent experiments have shown that LBPPS systems have similar physiologic and biomechanical responses as the more traditional harness-based body weight support systems. 20, 23 No experiments however, have explored the feasibility of using an LBPPS as an alternative means for supporting the body weight of children with CP during treadmill training. These insights are necessary before this technology can begin to be integrated into mainstream physical therapy practice.
Recent advancements in body weight support technology may provide an opportunity to improve on the BWSTT therapeutic protocols that are being used for gait training in children with CP. [20] [21] [22] [23] The primary purpose of this investigation was to initially examine the feasibility of using LBPPS treadmill training to improve the preferred walking speed of children with CP. Our secondary purpose was to evaluate the feasibility of LBPPS treadmill training for improving balance, spatiotemporal kinematics, and strength of the lower extremity antigravity musculature.
METHODS

Subjects
A total of 9 children (age = 13.8 ± 3 y; height = 1.45 ± 4 m; mass = 53 ± 9 kg; leg length = 0.77 ± 0.03 m) with CP who had Gross Motor Function Classification System (GMFCS) levels that ranged from II to IV 24 were recruited to participate in this investigation. One child had spastic hemiplegic involvement, and the remaining 8 children were diagnosed with spastic diplegia. Five of the children did not require assistive device for mobility (GMFCS II), 1 child used a wheeled walker (GMFCS III), and 3 of the children primarily used power mobility (GMFCS IV). Further details on the participating children are listed in Table 1 . The parents of the children gave their written consent for their child's participation in the investigation, and the university's Committee for the Protection of Human Subjects approved the experimental protocol.
Intervention
LBPPS was provided by a commercially available system that consisted of a treadmill that was enclosed in a pressurized bag (Figure 1 ) (G-Trainer Pro; Alter-G Inc., Fremont, CA). The child wore a pair of neoprene shorts that were zipped into the bag, and the amount of body weight supported was dependent upon the bag's air pressurization. The air pressure was uniformly distributed over the lower body, which reduced the uncomfortable pressure points that typically occur in more traditional body weight support systems. 20 Furthermore, no support was provided around the torso as would be the case with more conventional body weight support systems. This freedom allowed the child to practice controlling the displacement of the torso's mass during the training sessions. The child was able to freely swing her/his arms during the training sessions or had the option to hold on to handrails that were at the front of the treadmill. Manual assistance for the legs was not provided during any of the training sessions because the child was enclosed in the LBPPS system. Therefore, any modification in the stepping pattern occurred through verbal feedback from the therapist or visual feedback that was provided by a mirror positioned on the right side of the treadmill perpendicular to the LBPPS system. The bag material does not allow for the child to see the legs when looking down. However, the bag does have translucent material on the side panels that allows the therapist to see the child's lower limbs, and the mirror allowed the child to also see his/her stepping pattern through the side panels.
The children participated in an LBPPS treadmill training program that was performed 2 days per week for 6 weeks, with a minimum of 1 day of rest between the training sessions. This protocol was based on a previous BWSTT study that showed that this training paradigm can improve the preferred walking speed of children with CP. 17 The general guidelines of the therapeutic prescription consisted of initially supporting 40% of the child's body weight, and gradually reducing it to 10% by the completion of the therapy. The speed of the treadmill was initially set at 90% of the child's over ground walking speed, and was gradually increased in each training session with a minimum goal of reaching a target speed of 0.89 m/s (2 miles/h) at the end of the therapy. This minimum speed was chosen because Fig. 1 . Alter-G, Inc., lower body positive pressure system, which consisted of a treadmill that is enclosed in an inflatable bag. Pressurizing the bag provides a lifting force that supported children's body weight as they walked on a treadmill that was enclosed in the bag. it represented the minimal walking speed for community ambulation. 25 Although this target speed minimum was prescribed, many of the children exceeded this speed during the training sessions. For each training session, the child accumulated a total of 30 minutes of walking (not including breaks). The children wore heart rate monitors and rest breaks were provided as needed; however, the children were encouraged to walk as long as possible. Rest was required if the child's heart rate exceeded 75% of agepredicted heart rate maximum. The amount of rest varied as the children progressed through the training sessions. Early training had more rest sessions that lasted 2 to 3 minutes. However, as the children's fitness level improved, the later training sessions had fewer rest periods.
All sessions were performed barefoot to increase the amount of cutaneous sensory feedback the nervous system was receiving about the stepping pattern. This rationale is supported by animal BWSTT studies that have shown that cutaneous feedback from the foot is necessary for shaping the appropriate foot placement, balance, and changes in the amount of weight supported by the limbs. 26, 27 In addition, we suspected that the additional sensory feedback would be important for children with CP because they have a diminished thalamocortical response to peripheral tactile stimulation. 28 Although the general LBPPS and walking speed guidelines were followed, these variables were not kept constant during the therapy sessions. Rather the training variables were manipulated within the training session to challenge the child's ability to maintain as normal a walking pattern as possible based on the therapist's judgment. Some of the key components the therapist focused on for this judgment were maintaining an upright lower limb posture, ankle push-off during terminal stance, and clearing the toe during swing. In addition, the children were instructed to alter their stepping patterns to explore different couplings of the lower extremity degrees of freedom. For example, the children were instructed to modify their step length and height of their steps and to alter their step width. Likewise, children who were GMFCS III-IV were encouraged to not hold onto the handrails and see how many steps they could complete. This approach allowed the children to explore how the degrees of freedom of their legs could be modified to meet the task constraints. All of the training sessions were supervised and instructions given by a pediatric physical therapist. Some of the participants were receiving conventional physical therapy upon enrollment in the investigation. These participants were allowed to continue their therapy; however, they were asked to refrain from working on any lower extremity strength, flexibility, and gait-related training while in the study.
Outcome Measures
The participants walked along a 16-m walkway at a self-selected pace while a photocell timing system monitored their speed. The measured walking speed was normalized by L gravity , where L is the child's leg length and gravity is 9.81 m/s. 2, 29 The data were nondimentionalized to equate the outcome measures because they were collected from the children who had different anthropometrics and levels of motor impairments (GMFCS II-IV) that would influence their walking biomechanics. 29 Children with a GMFCS level of III to IV used a wheeled walker during gait analysis. All other children walked unassisted during gait analysis. Pre-post data for analyses were assessed while the child was barefoot. Reflective markers were placed bilaterally on the heel and toe, and were tracked by an 8-camera motion capture system (120 Hz; Vicon, Centenial, CO). The 3-dimensional positions of the marker coordinates were smoothed with a zero-lag low-pass Butterworth filter at 6 Hz. The occurrences of foot contact and foot-off for the legs were determined from the local minimums of the heel and toe makers. Horizontal and lateral displacements of the rightand left-foot heel markers at foot contact were used to calculate the child's step length and width. These displacement values were normalized using subject leg length to adjust for differences in stature. 29 Foot contacts and footoffs of the legs were used to calculate the stride and double support times. Similar to walking velocity, respective gait timings were normalized by L gravity . The mean spatiotemporal values for each child were calculated from 5 representative walking trials.
Bilateral strength measurements of the lower extremity antigravity musculature were obtained with a hand-held dynamometer (Hoggan Health Industries, West Jordan, UT). Hip extensor strength was assessed in the supine position with the hip flexed 90
• ; knee extensor strength was measured in the sitting position with the hip and knee each flexed 90
• ; and ankle plantarflexor strength was measured in the supine position with the hip and knee extended and the ankle in a neutral position. Strength measurements were performed in the same order during the baseline and postassessments. Strength measures were taken a minimum of 2 times to ensure that the measures were consistent. Furthermore, the measures were taken by a physical therapist (BC) proficient in the use of the hand-held dynamometer. To create a composite score, strength measures for each leg were summed and divided by the child's body weight.
The Balance Evaluation System Test (BESTest) was used to assess the overall balance of the children who had a GMFCS level II or III. 30 The BESTest contains a series of separate evaluations that assess the child's balance on the basis of biomechanical constraints, stability limits, postural responses, sensory orientation, and gait stability. The total score from each of the subtests was used to assess overall change in the child's balance after BWSTT.
All of the outcome measures were log-transformed before undergoing statistical analysis to ensure that the values were normally distributed. The Kolomogrov-Smirnov tests confirmed that the log-transformed data sets were normally distributed (P > .05). Student t tests were used to determine whether there were significant differences pre-and postoutcome measures. A P value less than .05 was considered to be statistically significant. All results in the graphs and text are not log-transformed and are presented as the mean ± SEM. Cohen d was calculated to determine the effect size of the change in the outcome measures. The calculated effect sizes are interpreted as 0.2, small; 0.5, medium; and greater than 0.8, large. 31 Medium to large effects are clinically relevant because they are large enough to be observed.
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RESULTS
Only subjects 4 and 7 continued to participate in conventional physical therapy during the investigation. Selfreport from the parents of these children indicated that they refrained from outside gait training, lower extremity strength training, and lower extremity flexibility exercises during the study.
There was 100% compliance with the training sessions. Overall, children and families responded positively to the experience. Participants were eager to get started and seemed to enjoy the opportunity to move in the system. Frequently when the participants were standing in the system they would spontaneously experiment with a movement they would ordinarily be unable to perform in full gravity such as bouncing, single-leg stance, kicking, jumping, and tall-kneeling to stand transfers. Caregivers frequently expressed interest in continued use of the system at the conclusion of the study and felt that their children had benefited from the experience. Barefoot walking was well tolerated by the participants. Although minimal, a few children experienced a skin abrasion when the foot was not appropriately cleared during swing. There were also instances when a participant would express discomfort, but this was usually resolved by pausing the treadmill and allowing the child or caregiver to adjust the seams of the shorts until comfortable and walking was then resumed. Group outcomes indicated that the preferred walking speed of the children was significantly faster by 15% after LBPPS treadmill training (P = .01; Pre = 0.25 ± 0.04; Post = 0.27 ± 0.03; Cohen d = 0.58). The faster walking speed was accompanied by significantly less time spent in the double support phase (P = .01; Pre = 0.79 ± 0.2; Post = 0.62 ± 01; Cohen d = 0.84), and a trend for a longer step length (P = .06; Pre = 0.51 ± 0.05; Post = 0.54 ± 0.05; Cohen d = 0.54). No significant changes were found after LBPPS treadmill training in overall step width (Pre = 0.21 ± 0.03; Post = 0.19 ± 0.02; P = .20), stride time (Pre = 4.5 ± 0.3; Post = 4.2 ± 0.4; P = .11), or cadence (Pre = 43.9 ± 2.8 steps/min; Post = 46.3 ± 3.1 steps/min; P = .13).
The group results indicated a significant improvement in the BESTest scores of the children at GMFCS levels II-III after the LBPPS treadmill training (P = .008; Pre = 71 ± 9 points, Post = 82 ± 8 points; Cohen d = 1.17). Lastly, the group results show a significant improvement in the overall strength of the lower extremity antigravity musculature (P = .03; Pre = 0.97 ± 0.1; Post = 1.2 ± 0.1; Cohen d = 0.63).
The results for the individual participants are detailed in Table 2 . The values in the table are not normalized except for the strength composite score. Participants 1 to 6 were the children who were classified at CMFCS levels II or III. Only the child with hemiplegia did not show improvements in her walking performance (subject 4). She had a slower walking speed after the LBPPS treadmill training, which was accompanied by a shorter step length and longer double support times. The remaining children with a GMFCS level II or III appeared to respond well to the LBPPS treadmill training and had a faster walking speed and improved spatiotemporal kinematics. In fact, a few of the children had as much as a 38% improvement in their walking speed. All of the children classified at GMFCS level II or III had an improvement in their BESTest scores. Participants 7 to 9 were children classified at GMFCS level IV. These children also appear to have responded well to LBPPS treadmill training. They walked faster while using a wheeled walker and spent less time in double support.
Finally, the individual results show that 7 of the children had improved strength of the lower extremity musculature after LBPPS treadmill training. The only child who did not show strength improvements was a child classified at GMFCS level IV. We were unable to collect strength data from subject 3 because she had cognitive impairments that limited her ability to understand that maximum effort was required for the strength tests.
DISCUSSION
Our results show that 6 weeks of LBPPS supported treadmill training performed twice a week promotes an improvement in the preferred walking speed of children with CP. These improvements are important because the gait patterns of children with CP are characterized as being slower than their peers, which may limit their participation in peer equivalent activities or keeping up with the walking pace required in the school environment. 5, 6 The noted improvements for the group had a moderate effect size and were within the reported guidelines for a clinically meaningful change in the gait speed of a child with CP (5.7%-9.1%). 32 This suggests that it is feasible to use LBPPS treadmill training to promote improvements in the walking speed of children with CP. However, the percent change (15%) of the group's walking speed was notably lower than what has been reported (67%) from a previous body weight-supported treadmill training study by Dodd and Foley 17 using a similar training paradigm with a conventional overhead support system. Many of the children participating in this investigation typically used with anklefoot orthoses (AFOs) while walking at school and in the community. Because AFOs have been shown to improve the walking speed of children with CP, we suspect that these children would have had a faster preferred walking speed if their tests were conducted while wearing their prescribed AFOs. 33, 34 Similarly, we suspect that this may also have been the reason that subject 4 walked slower after LBPPS treadmill training, yet she had improved strength and BESTest scores.
Clinical literature fairly well establishes that children with CP have balance difficulties while walking that hinder participation in peer equivalent activities. [35] [36] [37] [38] [39] In some cases, these balance problems lead a child to choose power mobility over walking. 35 Although these balance problems are well documented, therapies that are efficacious in overcoming these walking balance impairments are not clearly delineated in the literature or in clinical practice. Our results show that children with CP spend less time in double support after LBPPS treadmill training. These changes partly reflect the fact that the majority of the children were walking faster. 5 However, spending more time in double support is also a signature of walking balance problems. 40 Hence, it is arguable that the shorter double support time seen in many of the children may reflect balance improvements. This notion is supported by BESTest scores from the children with GMFCS levels II or III that indicated that LBPPS treadmill training resulted in improved balance. Potentially, these improvements may indicate that these children are more capable of maintaining their balance in challenging unstable environments that they may encounter outside of the laboratory setting.
Quite often, children with CP lack the necessary strength in the antigravity musculature to support and control the displacement of their center of mass during gait. 41, 42 A considerable amount of the clinical literature has focused on developing therapeutic protocols that will overcome these apparent strength deficits. 43 These approaches have included basic strength training, 44 circuit training, 45 and recumbent bicycling. 46 Our results are the first to show that LBPPS treadmill training has the potential to improve the strength of the lower extremity antigravity musculature. Short-term improvements in strength predominantly occur through changes in the motor command that governs the performance of the muscle activation patterns. 47 Because the training protocol used here was short-term, we suspect that the strength changes were a result of an improved muscular coordination rather than hypertrophic factors. 47 Body weight supported during treadmill training has become increasingly popular as a therapeutic modality that is used with patients who have a wide variety of neurological impairments (ie, stroke, spinal injuries, cerebral palsy). [13] [14] [15] [16] [48] [49] [50] Traditionally, this therapy is performed by supporting the individual's body weight with straps that are positioned under the groin area and around the torso, which can be uncomfortable. 20 All of the participating children stated that the LBPPS was comfortable during the training. This suggests that the LBPPS system may be a relevant technological advancement for supporting the body weight during treadmill training. However, the shortcoming of LBPPS technology may be that the therapist cannot provide manual cues to the legs during the treadmill training sessions. The use of manual cues has been a key component of the previous body weightsupported treadmill training studies with children with CP. 13, 14, 16 Probably such assistance may provide the child with movement cues that will help in the learning of proper leg and foot positioning during gait. Moreover, we suspect that the cues from the manual assistance may be important because it was a key component of the Dodd and Foley 17 study, which used the same training paradigm but had larger improvements in the group's walking speed. Alternatively, not using manual assistance may have its benefits, allowing the nervous system to self-explore and discover its own solutions for effectively coordinating the leg's degrees of freedom. Ultimately, this may allow the child to make more mistakes in selecting the proper motor command in the early learning stages, which may be essential for the natural selection of sensorimotor pathways that have the highest probability of producing a quality stepping pattern. [51] [52] [53] Although LBPPS system appears to be a technological advancement, future studies should evaluate the necessity of the cues from manual assistance to improve the walking patterns of children with various types of CP and GMFCS levels.
We cannot determine whether our results were solely due to LBPPS treadmill training because no control group was used for comparison. Although it appears that LBPPS treadmill training is feasible for improving walking speed, it is possible that these improvements may have been partly due to locomotor activities that the children performed at home or school. Moreover, because this investigation used a small and diverse group of subjects it is possible that these results may not extend to all the subtypes of children with CP. This notion is particularly evident when one considers the individual data showing the child with hemiplegic CP did not demonstrate improvements in the gait variables measured in this investigation. Hence, it is possible that LBPPS treadmill training may not be the best therapeutic prescription for this child. Further investigations of the feasibility of using LBPPS treadmill training with the different CP subtypes are necessary.
In summary, this preliminary investigation has shown that it is feasible to use LBPPS treadmill training to improve the walking abilities of children with CP. Our experiment resulted in 4 key findings. LBPPS treadmill training resulted in (1) a faster preferred walking speed, (2) changes in the temporal walking kinematics, (3) an improvement in overall balance, and (4) improved strength of lower extremity antigravity musculature. These outcomes support the use of LBPPS gait training for children with CP.
